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The present work aims to evaluate the potential to increase electricity generation through the usage of 
sugarcane straw in sugarcane cogeneration plants. Currently the cogeneration plants use sugarcane bagasse 
as fuel in their systems based on Rankine Cycle presenting backpressure and condensing steam turbines. 
The utilisation of straw has become feasible after a change in the handling of sugarcane harvesting due to the 
ban on sugarcane burning, thus opening possibilities for its energetic usage. Three configurations of 
cogeneration plants were analysed: two traditional Rankine cycles, one with backpressure steam turbines and 
the other with condensing steam turbines, and a proposal of a cogeneration plant based on a BIGCC. Each 
configuration was assessed through exergetic cost analysis, aiming to evaluate the potential of electricity 
generation with the combined use of sugarcane bagasse and straw. 
1. Introduction 
Bioenergy has progressively been in the limelight over the last decades as a result of a growing concern about 
global warming, the depletion of fossil fuels and the increase in the world’s energy demand. The world 
electricity generation from biomass and waste has doubled from 2003 to 2012, representing 8.15% of the total 
renewable electricity produced in 2012 (EIA, 2015). Regarding the alternative fuels for vehicle transportation, 
bioethanol is the most abundant (IEA, 2014). It can be produced from a variety of feedstock, such as 
sugarcane, corn, wheat, sugar beet, among others, but sugarcane is the one which presents the highest 
energy output/input ratio. 
Sugarcane mills produce sugar and bioethanol from sugarcane. Bagasse is also produced as a by-product 
and is used as fuel in the cogeneration system, producing heat and electricity to supply the plant’s energy 
demands.  
Traditionally, the sugarcane industry in Brazil has been characterised by its low efficiency in producing energy 
from bagasse burning. However, since the early 2000’s, the possibility of selling surplus electricity to the grid 
has stimulated improvements in the cogeneration system, so that recently, electricity has become the third 
main product alongside bioethanol and sugar (Walter & Ensinas, 2010). 
The conventional sugarcane mills’ cogeneration systems are steam-based cycles producing live steam from 
bagasse burning in boilers. The steam is expanded in backpressure steam turbines (BPST) or condensing 
steam turbines (CST), producing low pressure steam and electricity. The main advantages of CST over BPST 
are that all bagasse available can be consumed, thus generating more electricity, and that the cogeneration 
system is no longer dependent on the production process, which operates only during harvest season, thus 
being able to operate throughout the year. 
Advanced cogeneration systems like the Biomass Integration Gasification Combined Cycle (BIGCC) can help 
sugarcane industry’s cogeneration systems to boost their electricity generation. As demonstrated by Dias et 
al. (2011), BIGCC systems can produce over twice as much surplus electricity as the CST, provided a minimal 
production process steam demand is met. 
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Further possibilities for electricity generation improvement were opened after a federal law established the 
phasing out of sugarcane burning for 2018 in areas where mechanical harvesting is possible with the current 
technology. All the same, this is already a reality in the States of São Paulo and Minas Gerais, which account 
for the majority of Brazil’s sugarcane production. Such change in the handling of cane harvesting has allowed 
the recovery of sugarcane’s leaves and tops, also known as straw, thus increasing the amount of fuel for the 
cogeneration systems. However, as stated by Leal et al (2013), not all cane litter should be recovered from the 
ground, as it impacts positively the cultivation process. So still more knowledge is required in order to know 
how much should be left on the field in order to not compromise the soil and further harvests. 
The aim of the present work is to evaluate the potential to increase electricity generation through the 
combined usage of sugarcane bagasse and straw in sugarcane cogeneration plants. Three configurations of 
cogeneration plants were analysed: two traditional Ranking Cycles, one presenting BPST and the other CST, 
and a proposal of a cogeneration plant based on a BIGCC cycle. Exergetic cost analyses for each 
configuration plant were carried out using the EES® (Engineering Equation Solver) software. 
2. Methodology 
Exergetic cost analyses were performed in order to assess each of the proposed cogeneration systems. This 
analysis is based on the application of mass, energy, exergy and exergy cost balances to all components of 
the plant. Thus, it is possible to determine energetic consumptions, irreversibility generation and the exergetic 
costs of the plant products. 
Eqs.(1)-(3) respectively show mass, energy and exergy balances for a generic control volume assuming 
steady-state operation. 
෍ ሶ݉ ௜௡ −෍ ሶ݉ ௢௨௧ = 0 (1) 
ሶܳ − ሶܹ +෍ ሶ݉ ௜௡ℎ௜௡ −෍ ሶ݉ ௢௨௧ℎ௢௨௧ = 0 (2) 
ሶܳ ൬1 − ܶ
଴ܶ
൰ − ሶܹ +෍ ሶ݉ ௜௡݁௜௡ −෍ ሶ݉ ௢௨௧݁௢௨௧ = ܫሶ (3) 
Eq.(4) was used to determine the specific exergies of water, steam, air, syngas and stack gases. 
݁ = ℎ௜ − ℎ଴ − ଴ܶሺݏ௜ − ݏ଴ሻ + ݁௖௛଴  (4) 
where ℎ௜ is the enthalpy of the flow at point “i", ℎ଴ is the enthalpy of reference, ݏ௜ is the entropy at point “i", ݏ଴ 
is the entropy of reference, and ݁௖௛଴ is the chemical exergy, which was obtained from Szargut et al (1988). The 
pressure and temperature values of the reference state were considered to be 1 bar and 25 ºC, respectively. 
The exergy values of the sugarcane bagasse and the ethanol-water mixture were calculated following the 
methodology described by Sosa-Arnao and Nebra (1995) and Modesto, Nebra and Zemp (2005), respectively. 
The following items present the three configurations of cogeneration systems proposed and the methodology 
used to perform the exergetic cost analysis. All analyses were carried out using the EES® software. 
2.1 Description of the cogeneration systems assessed 
Rankine Cycle Cogeneration System (STCOND) 
Since the beginning of the Proalcool Program in 1975, the main configuration of cogeneration system in 
sugarcane plants in Brazil is based on Rankine Cycle (Macedo, 2008). Using backpressure steam turbine, the 
cogeneration system supplies thermal, mechanical and electrical energy to the sugar and ethanol production 
process, the generation of electricity is limited by the process’ thermal demand and, consequently, a bagasse 
surplus is available. In the past, selling electricity was not feasibly possible and the boilers of these 
cogeneration systems had low efficiency and high consumption of bagasse. After the Brazilian electrical crisis 
in 2001, the selling of electricity to the grid became a reality and systems based on condensing steam turbines 
began to be used, so that all bagasse available was used to generate electricity. 
Figure 1 shows the basic configuration of Rankine Cycle used in cogeneration systems with condensing 
steam turbines employed in Brazil. The configuration presents a boiler, a condensing steam turbine, a 
deaerator, a condenser and pumps. The cogeneration system provides steam (2.5 and 6 bar of pressure) and 
electricity to supply the anhydrous ethanol production process. The process receives cane (flow 25) and 
produces ethanol (flow 27), vinasse (flow 28) and bagasse (flow 26). Besides bagasse, sugarcane straw is 
also used as fuel in the boiler (flow 29). 
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Figure 1: Sketch of the cogeneration system based on Rankine Cycle 
Biomass Integrated Gasification Combined Cycle -BIGCC Cogeneration  
The alternative of employing synthesis gas, or syngas, in gas turbines have been studied by several works: 
Palmer et al (1993), Walter and Llagostera (1995; 2003), Kapat et al (1997), Korobitsyn et al (1999), 
Nascimento et al (2001), Ferreira (2003), and Dias et al (2011). Some works consider the exclusive use of 
syngas, others the combined use of syngas and natural gas. In this work, the gas turbine consumes only 
syngas produced from the gasification of a mixture of sugarcane bagasse and straw. 
Comparing a traditional gas turbine designed to operate with natural gas, the main difference occurs in 
relation to the fuel. The syngas has a Lower Heating Value (LHV) lower than the natural gas’s, approximately 
5,178 kJ/kg (value obtained through a gasification model available in Pellegrini and Oliveira Jr. (2005)), while 
the natural gas’s reaches 47,500 kJ/kg. 
In our proposal, a gas turbine using only syngas is simulated using the Gate Cycle® Software, developed by 
GePower. Some suggestions to this gas turbine operating with syngas is presented by Palmer et al (1993). 
The main parameters analysed were the pressure ratio and the exit temperature of the combustion chamber. 
The syngas from the gasifier is compressed in a compressor and enters a combustion chamber along with an 
air flow, both at the same pressure, where they react. The produced gases expand in a power turbine 
producing mechanical energy and electricity in an electrical generator. A performance comparison of a gas 
turbine burning syngas and natural gas was carried out in a previous work by Modesto et al (2007). 
It is important to mention that the exclusive use of biomass gas in the gas turbine requires a catalytic 
combustion chamber designed specifically to operate with low LHV fuels. Proposals of catalytic combustion 
chambers can be found in Witton et. al (2003) and Forzatti (2003). 
Figure 2 shows a proposal to use a BIGCC system to maximise electricity generation. The BIGCC system is 
composed of an atmospheric gasifier, a dryer, a gas turbine set, a Heat Recovery Steam Generator (HRSG) 
and Backpressure-Condensing Steam Turbine that provides steam to the process. The bagasse produced by 
the process (flow 26) is dried in the dryer, using the stack gases from the HRSG, and then mixed with the 
sugarcane straw (flow 30). The mixture is sent to an atmospheric gasifier where the syngas production takes 
place. The syngas produced (flow 33) is compressed in a syngas compressor and then enters the combustion 
chamber (flow 34), reacting with the compressed air (flow 2) and producing stack gases (flow 3). The stack 
gases enter the HRSG, where steam at 480 ºC and 80 bar is produced to supply the bioethanol production 
process steam demand, and then sent to the bagasse dryer. The gasification process was modelled by Brito 
et al (2015). The elementary analysis of bagasse showed 44.6% of Carbon, 5.8% of Hydrogen, 44.5% of 
Oxygen, 0.6% of Nitrogen, 0.1% of Sulfur, 0.02.% of Chlorine and 4.38% of Ash. The elementary composition 
of straw showed 46.2% of Carbon, 6.2% of Hydrogen, 43% of Oxygen, 0.5% of Nitrogen, 0.1% of Sulfur, 
0,1.% of Chlorine, 3.9% of Ash (Basu, 2010). 
 
Figure 2 Sketch to cogeneration system based in BIGCC Cycle. 
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Table 1 presents the main parameters considered in the simulations, where tc means ton of sugarcane. 
Table 1:  Main parameters used in the simulations 
Parameter STCOND    BIGCC 
Bagasse Fibre (%) 13 
Direct Drive Power (kWh/tc) 20 
Electrical Energy Consumption (kWh/tc) 15 
Ethanol Production (l/tc) 85 
Crushing Cane (t/h) 493 
Isentropic Efficiency – Steam Turbine 0.88 
Electrical Generator Efficiency 0.98 
Process Steam Consumption – 2.5 bar (kg/s) 22.94 
Process Steam Consumption – 6 bar (kg/s) 8.29 
Isentropic Efficiency – Pumps 0.85 0.85 
Isentropic Efficiency – Gas Turbine - 0.90 
Isentropic Efficiency – Compressors - 0.88 
2.2 Exergetic cost analysis 
The exergetic cost analysis was carried out through the Theory of Exergetic Cost methodology, proposed by 
Lozano and Valero (1993), which allows the unit exergetic cost of each flow to be determined. This 
methodology has been applied by Sanchez and Nebra (2002) to assess the influence of sugarcane bagasse 
prices on the costs of steam and electricity production; in turn, Fernandez Parra (2003) employed it to 
determine the exergetic cost of sugar in the production process; Dias et al (2011) evaluated the steam and 
electricity unit exergetic costs of two traditional Rankine Cycles and a BIGCC. 
Eq.(5) shows the exergy cost balance for a generic control volume. 
෍݇௜௡ܧ௜௡ −෍݇௢௨௧ܧ௢௨௧ = 0 (5) 
where ݇ is the non-dimensional parameter unit exergetic cost and ܧ is the total exergy flow. 
Applying Eq.(5) to all plant’s components forms a linear equation set where the number of variables is greater 
than the number of equations. Therefore, it is necessary to add some additional equations following the 
considerations proposed by Lozano and Valero (1993), which have been reported in a simple way by 
Cerqueira and Nebra (1999). Table 2 presents these additional equations for both the STCOND and the 
BIGCC configurations. 
To the unit exergetic costs of the flows entering the plant (sugarcane, sugarcane straw, water and air) a 
unitary value was assigned (Eqs.(6) and (13)). To the loss of water in the cooling tower and the stack gasses 
that leave the dryer in the BIGCC configuration, a zero value was attributed (Eqs.(7) and (14)). 
All the irreversibility generated by the steam and gas turbines must be carried out by its main product, the 
mechanical work (Eqs.(8), (15) and (16)). Similarly, all the ethanol production process’s irreversibility must be 
carried out by its main product, the ethanol. Therefore, two considerations were made: (i) the exergy-based 
costs of the steam entering and leaving the process are the same (Eqs.(9) and (17)), and (ii) the exergy-based 
costs of both bagasse and vinasse are equal to that of the sugarcane (Eqs.(11) and (19)). 
In the splitters, where no generation of irreversibility takes place, the unit exergetic cost of the flows entering 
and leaving the equipment are equal (Eq.(10)). For the BIGCC system, the unit exergetic cost of the stack 
gases was considered the same throughout the HRSG (Eq.(18)). Therefore, all the irreversibility generated in 
that equipment will be carried out by the steam produced. Finally, it has been attributed the same value to the 
unit exergetic costs of the cooling water that enters and leaves the condenser (Eqs. (12) and (20)). 
Table 2: Cost allocation for Rankine and BIGCC configurations 
Rankine  BIGCC 
݇ଵ଼ = ݇ଵଽ = ݇ଶହ = ݇ଶଽ = 1 (6) ݇ଵ = ݇ଶସ = ݇ଶହ = ݇ଷ଴ = 1 (13)
݇ଶ଴ = 0 (7) ݇ଷଶ = ݇ଷ଼ = 0 (14)
݇ଵ = ݇ଶ = ݇ଵ଴ = ݇ଵଵ (8) ݇ସ = ݇ଷ (15)
݇ଵଶ = ݇ଶଵ	and	݇ଵଷ = ݇ଵଵ (9) ݇ଵଶ = ݇ଵଷ = ݇ଵଽ = ݇ଶ଴ (16)
݇ଵ଴ = ݇ଵସ = ݇ଶଵ (10) ݇ଶଵ = ݇ଶ଴ ܽ݊݀ ݇ଶଶ = ݇ଵଽ (17)
݇ଶ଺ = ݇ଶ଼ = ݇ଶହ (11) ݇ସ = ݇ହ = ݇଺ = ݇଻ (18)
݇ଵହ = ݇ଵ଺ (12) ݇ଶ଺ = ݇ଶ଼ = ݇ଶହ (19)
  ݇ଶଷ = ݇ଶସ (20)
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3. Results 
The traditional cogeneration system in Brazil is based on Rankine Cycle with backpressure-condensing steam 
turbines. Thus, it is possible to maximise the generation of electricity from all available biomass. In this study, 
two configurations of Rankine Cycle cogeneration systems were assessed: (i) boiler operating only on 
sugarcane bagasse, and (ii) boiler operating on a mixture of sugarcane bagasse and straw. Table 3 shows the 
main results obtained from the simulations for each configuration: electricity surplus and exergetic based-cost 
of steam, electricity and ethanol. In the first case, the electricity surplus available for sale is 91.67 kWh/tc, the 
electricity and ethanol exergetic based-costs are 4.094 and 1.512, respectively, values similar to the ones 
reported by Dias et al (2011). The availability of sugarcane straw is of 15% per ton of sugarcane. The 
combined use of sugarcane bagasse and straw allows an increase in the availability of primary energy to 
support the thermal and electrical demands of the ethanol production process. With sugarcane straw 
combined with sugarcane bagasse, the electricity surplus reaches 129.3 kWh/tc (+41%), the unit exergetic 
costs of electricity 3.945 (-3.7%) and ethanol 1.512 (0.8%). That is, the use of sugarcane straw combined with 
sugarcane bagasse allows a significant increase in the electricity surplus without an increase in the exergetic 
based-cost of the main products of the plant. The efficiency of the use of the energetic resource remains the 
same, however, with a significant increase of electricity generation. 
The BIGCC cogeneration system uses a biomass gasifier (in this case, a mixture of 85% of bagasse and 15% 
of straw) to produce syngas that is consumed in a combined cycle to supply the thermal and electrical demand 
of ethanol production process. The adoption of BIGCC leads to an electricity surplus of 149.2 kWh/tc (+62.7% 
than traditional case) and exergy cost-based of electricity of 3.116 (-23%) and ethanol of 1.449 (-4.2%). The 
BIGCC configuration achieved a better performance than the Rankine cogeneration system. The electricity 
surplus and the unit exergetic costs of electricity and ethanol are better than the Rankine cycle’s, indicating 
that it is a very attractive option to improve the potential to generate electricity from sugarcane. 
Table 3: Main simulation results 
Cogeneration System Electricity Surplus (kWh/tc) 
Unit exergetic cost 
Steam Electricity Ethanol 
Rankine without straw 91.67 3.578 4.094 1.512 
Rankine with straw 129.30 3.440 3.945 1.500 
BIGCC 149.20 3.594 3.116 1.449 
4. Conclusions 
This study presented the main results of the simulations of three configurations of cogeneration systems of 
ethanol production plants that use sugarcane bagasse and straw as fuel to supply thermal and electrical 
demand to the process. The configurations based on the Rankine Cycle using sugarcane straw and bagasse 
as a fuel represented an interesting possibility, as assessed by the exergy-based cost, to increase electricity 
surplus without decreasing the efficiency of the use of energy in the production of electricity and ethanol. 
However, the BIGCC cogeneration system presented a higher possibility to increase the electricity surplus and 
efficiency in the use of energy, as shown by the unit exergetic costs of electricity and ethanol. Moreover, it is 
important to highlight that the investment cost of a BIGCC system is greater than a Rankine’s, especially in 
light of lower attractiveness of gasification technology in biomass use, as well as of the operation of specific 
gas turbines with syngas. Nevertheless, considering the uncertainty in the Brazilian electricity supply in next 
years, such potential should not be despised. According to UNICA (2015) the estimate of sugarcane crop in 
2014/2015 is 650 million tons of sugarcane, leading to a potential of electricity generation of 37 GWh. 
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